than parent-to-offspring: a phenomenon primarily associated with prokaryotes.
Three criteria are typically used to detect HT candidates: 1) a patchy distribution of the TE 1 across the tree of life; 2) unusually high TE sequence similarity between divergent taxa; 2 and 3) phylogenetic inconsistencies between TE tree topology and species relationships 15 . 3
To comprehensively test these criteria, we performed large-scale phylogenomic analyses 4 of over 500 eukaryotic genomes (plants and animals) using iterative similarity searches of 5 BovB and L1 sequences. 6 7 Our findings show that there are two phases in HT: effective insertion of the TE, followed 8 by expansion throughout the genome. Figure 1 shows that both BovB and L1 elements 9 have been horizontally transferred because of their patchy distribution across eukaryotes. 10
Both are absent from most arthropod genomes yet appear in relatively primitive species 11 such as sea urchins and sea squirts. Furthermore, both TEs are present in a diverse array of 12 species including mammals, reptiles, fish and amphibians. The main difference between 13
BovB and L1 lies in the number of colonised species. BovBs are only present in 60 of the 14 503 species analysed, so it is easy to trace their horizontal transfer between the distinct 15 clades (e.g. squamates, ruminants). In contrast, L1s encompass a total of 407 species, 16 within plants and animals, and they are ubiquitous across the well-studied therian 17 mammals. However they are surprisingly absent from platypus and echidna (monotremes) . 18
There are only two possible explanations for this; either L1s were expunged shortly after 19 the monotreme-therian split but before they had a chance to accumulate, or monotremes 20 never had L1s. The first scenario is unlikely in the context of L1 distributions in other 21 eukaryotes. Consider the 60 currently available bird genomes: full-length L1s have all but 22 been eradicated from the avian lineage, but every bird species bears evidence of 23 ancient/ancestral L1 activity through the presence of fragments 16 . In contrast, there are no 24 L1 fragments in monotremes. We therefore conclude that L1s were inserted into a 25 common ancestor of therian mammals, between 160 and 191 Million Years Ago (MYA), 26
and have since been vertically inherited (see below). 27
28
The abundance of TEs differs greatly between species. As shown in Fig. 1 , mammalian 29 genomes are incredibly susceptible to BovB and L1 expansion. More than 15% of the cow 30 genome is formed by these TEs (12% BovB, 3% L1). This is without considering the 31 contribution of TE fragments 17 or derived Short INterspersed Elements (SINEs), boosting 32 retrotransposon coverage to almost 50% in mammalian genomes 3 . Even within mammals 33 there are noticeable differences in copy number; for example, bats and equids have a very 34 low number of full-length BovBs (<50 per genome) compared to the thousands found in 35 ruminants and Afrotherian mammals. The low copy number here is TE-specific rather 36 than species-specific; there are many L1s in bats and equids. Hence, the rate of TE 37 propagation is determined both by the genome environment (e.g. mammal versus non-38 mammal) and the type of retrotransposon (e.g. BovB versus L1). 39
To develop a method for identifying horizontal transfer events, we used BovB, a TE 41 known to undergo HT. We clustered and aligned BovB sequences (both full-length 42 nucleotide sequences and amino acid reverse-transcriptase domains) to generate a 43 representative consensus for each species, and infer a phylogeny (Fig 2a shows the  44 nucleotide-based tree). The phylogeny supports previous results 8 ¾ with the topology 45 noticeably different from the tree of life (Fig. 1) ¾ although we were able to refine our 46 estimates for the times of insertion. For example, the cluster of equids includes the white 47 rhino, Ceratotherium simum, suggesting that BovBs were introduced into the most recent 48 common ancestor before these species diverged. The low copy number in equids and 49 rhino, observed in Fig. 1 , is not because of a recent insertion event. The most likely 50 explanation is that the donor BovB inserted into an ancestral genome, was briefly active, 51 lost its ability to retrotranspose and was subsequently inherited by its descendants. 52
53
The placement of arthropods is intriguing, revealing potential HT vectors and the origin of 54 BovB retrotransposons. For example, BovBs from butterflies, moths and ants appear as a 55 basal monophyletic group, sister to sea squirt Ciona savignyi BovB. The presence of 56 BovB in all these species suggests that BovB TEs may have arisen as a subclass of ancient 57
RTEs, countering the belief that they originated in squamates 11 . The next grouping 58 consists of two scorpion species (Mesobuthus martensii and Centruroides exilicauda) 59 nestled among the snakes, fish, sea urchin and leech ¾ a possible vector. But the most 60 interesting arthropod species is Cimex lectularius, the common bed bug, known to feed on 61 animal blood. The full-length BovB sequence from Cimex shares over 80% identity to 62 viper and cobra BovBs; their reverse transcriptase domains share over 90% identity at the 63 amino acid level. Together, the bed bug and leech support the idea 8 that blood-sucking 64 parasites can transfer retrotransposons between the animals they feed on. 65
We extended the BovB paradigm to include 10 bat species and one frog (Xenopus 67 tropicalis). The bats were not included in the phylogenetic analysis because their BovB 68 sequences were too divergent to construct an accurate consensus. Instead, we clustered all 69 individual BovB sequences to identify two distinct subfamilies (Fig. 2b) clusters or families. We identified 215 HT candidate families which contained BovBs 84 belonging to at least two different eukaryotic species. Many of these were closely related 85 species; so to find the HT families most likely to be true events we restricted the analysis 86 to families that linked species in different eukaryotic Orders (e.g. Afrotheria and 87 Monotremata). We performed a machina validation for each candidate HT family: 88 pairwise alignments of the flanking regions to rule out possible contamination or 89 orthologous regions, and phylogenetic reconstructions to confirm discordant relationships. 90 A total of 22 HT families passed all of the tests, indicating at least 22 cross-Order HT 91 events. Many HT families included one or two reptile BovBs, and numerous mammalian 92
BovBs (see Supp. Table 6 ). This is important for determining the direction of transfer. 93
BovBs are thought to have entered ruminants after squamates 11 . The single reptile element 94 in a family is therefore likely to be the original transferred sequence, supporting the theory 95 that retrotransposons undergo HT to escape host suppression or elimination 20 . Altogether, 96 our results demonstrate that the horizontal transfer of BovB elements is even more 97 widespread than previously reported, providing one of the most compelling examples of 98 eukaryotic horizontal transfer to date. 99
100
We carried out the same exhaustive search in L1s, which presented a challenge because of 101 greater divergence and a strong vertical background. Producing a consensus for each 102 species was impractical as most species contained a divergent mixture of old, degraded 103
L1s and young, intact L1s. Instead, we used the all-against-all clustering strategy on the 104 collated dataset of L1 nucleotide sequences over 3kb in length (>1 million sequences 105 total). 2815 clusters contained L1s from at least two different species; these were our HT 106 candidates. As with BovBs, to improve recognition of HT we looked for families 107 displaying cross-Order transfer. Most non-mammalian L1s (insects, reptiles, amphibians) 108 had already been excluded because they definitively grouped into species-specific clusters, 109 even at low (50%) clustering identity. The remaining families were from plants and 110 mammals. After the validation tests, we found that all the mammalian candidate families 111 were very small (e.g. one L1 element per species), and located in repeat-dense, 112 orthologous regions in the genome most likely explained by vertical inheritance (see 113 Supp. Fig. 3 ). Thus, we found no evidence for recent L1 transfer since their insertion into 114 the therian mammal lineage and subsequent shaping of modern therian genomes. 115
Nevertheless, four plant families presented a strong case for L1 horizontal transfer (Fig  117   3a) . High sequence identity was restricted to the elements themselves, there were more 118 than two L1 elements in each family, the sequences encoded open reading frames or had 119 intact reverse-transcriptase domains, and the phylogenetic reconstructions showed 120 evolutionary discordance. The number of elements in each family mimicked the patterns 121 seen with BovBs: very few elements from the 'donor species', and a noticeable expansion 122 of L1s in the 'host species'. This indicates that transferred L1s can retain activity and 123 expand within their new host. Moreover, it contradicts the belief that L1s are exclusively 124 vertically inherited, and supports our conclusion that a similar event introduced L1s to 125 mammals. At this stage, we do not know the vector of transfer since none of the analysed 126 arthropods showed similarity to plant L1 sequences. 
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Methods

Extraction of L1 and BovB retrotransposons from genome data
To extract the retrotransposons of interest, we used the methods and genomes previously described in Ivancevic et al. (2016) 16 . Briefly, this involved downloading 499 publicly available genomes (and acquiring 4 more from collaborations), then using two independent searching strategies ( 
Clustering of nucleotide sequences to build one consensus per species
The canonical BovB retrotransposon is 3.2 kb in length 8, 18 , although this varies slightly between species. In this study, we classified BovB nucleotide sequences ≥2.4kb and ≤4kb
as full-length. We wanted to construct a BovB representative for each species.
Accordingly, for each species, UCLUST 26 was used to cluster full-length BovB sequences at varying identities between 65-95%. A consensus sequence of each cluster was generated using the UCLUST -consout option.
The ideal cluster identity was chosen based on the number and divergence of sequences in a cluster. E.g. for species with few BovBs, a lower identity was allowed; whereas for species with thousands of BovBs, a higher identity was needed to produce an alignable cluster. The final clustering identity and cluster size for each species are given in Supp. This method was tested on L1 retrotransposons, but the results were not ideal; most species simply had too many L1 sequences. Other methods tested on both BovBs and L1s included using centroids instead of consensus sequences (this gave better alignments but was less representative of the cluster), and using the same clustering identity for all species (e.g. 80% -this did not work well for species with less than 100 elements in the genome).
Inferring a phylogeny from consensus sequences
Consensus sequences were aligned with MUSCLE 28 . The multiple alignment was processed with Gblocks 29 to extract conserved blocks, with default parameters except min block size: 5, allowed gaps: all. FastTree 30 was used to infer a maximum likelihood phylogeny using a general time reversible (GTR) model and gamma approximation on substitution rates. Geneious Tree Builder 31 was used to infer a second tree using the neighbour-joining method with 1000 bootstrap replicates.
Distinguishing RTEs from BovBs
All sequences which identified as BovB or RTE were kept and labelled accordingly to their closest RepBase classification 18 . However, there appeared to be numerous discrepancies with the naming: e.g. some RTE sequences shared >90% identity to BovBs, and vice versa. BovB retrotransposons are a subclass of RTE, and they were only discovered relatively recently. It is likely that several so-called RTE sequences are actually BovBs.
To determine which species had BovB sequences, and which only had RTEs, we used the species consensus approach to build a BovB/RTE phylogeny (see Supp. Figure 1 ). This effectively separated BovB-containing species from RTE-containing species. The RTE sequences were not included in further analyses.
Clustering of nucleotide BovB sequences from bats and Xenopus
A reliable BovB consensus could not be generated for any of the ten bat species because the sequences were too divergent and degraded. Some bat BovBs seemed similar to equid BovBs; others did not. Likewise, the single full-length BovB from frog Xenopus tropicalis was very different to canonical BovBs, sharing highest identity with the bats.
In an effort to characterise these BovBs into families, we grouped all full-length BovB sequences from the bats, frog, equids and white rhino into a single file. We also added two
RepBase equid sequences (RTE-1_EC and BovB_Ec) and 1 RepBase bat sequence (BovBa-1_EF) 18 . After clustering, we expected to find one family of equid BovBs, the equid RTE sequence as an outlier, and numerous families containing bat and frog BovBs.
The actual findings are described in the text (Fig. 2b) . We used UCLUST 26 to cluster the sequences (function -cluster_fast with parameters -id, -uc, -clusters). The highest identity at which there were only 2 clusters/families was 40%. At higher identities, the equid BovBs stayed together but the bat and frog BovBs were lost as singletons.
To confirm the clustering, we also used MUSCLE to align all the sequences and FastTree to infer a phylogeny (see Supp. Figure 2) .
HT candidate identification -BovBs and L1s
We compiled all confirmed BovB and L1 sequences into separate multi-fasta databases (316,017 and 1,048,478 sequences respectively). The length cut-off for BovBs was ≤2.4kb and ≥4kb; for L1s, ≥3kb. BovBs were analysed first to identify characteristics of horizontal transfer events.
To detect HT candidates, we used the all-against-all clustering strategy described in El
Baidouri et al. 20 . Briefly, this method used a nucleotide BLAST 19 to compare every individual sequence in a database against every other sequence; hence the term all-againstall. BLAST parameters were as follows: -r 2, -e 1e-10, -F F, -m 8 (for tabular output). The
SiLiX program 32 was then used to filter the BLAST output and produce clusters or families that met the designated identity threshold.
For BovB sequences, we tested identities of 40-90%. High identity thresholds were useful for finding very recent HT events (e.g. over 90% identity between the bed bug and snakes). However, the majority of clusters contained several copies of the same BovB family from a single species -indicative of vertical inheritance. Using a lower identity threshold was more informative for capturing ancient HT events. At 50% identity, the clustering preserved the recent, high-identity HT events while also finding the ancient, lower-%identity HT events. We concluded that this was the best %identity to use for our particular dataset, considering it includes widely divergent branches of Eukaryota.
